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Background: This study investigated the correlation between the expression of the Las and Rhl quorum-
sensing (QS) systems and the communal behavior (motility, biofilm formation, and pyocyanin production) of
Pseudomonas aeruginosa (P. aeruginosa) isolated from patients with hospital-acquired pneumonia.

Methods: We analyzed 138 P, aeruginosa isolates from 48 patients (30 men and 18 women; age 68.18+15.08 years).
P. aeruginosa clinical isolates were assessed for Las and Rh/ gene expression and bacterial motility, biofilm
formation, and pyocyanin production.

Results: P, geruginosa swimming, twitching, and swarming motility positively correlated with the expression
of Lasl, LasR, and RbII (P<0.05) but not with that of RhIR (P>0.05). At all analyzed time points, a significant
positive correlation was found between biofilm formation and the expression of Lasl, LasR (P<0.01), and
RAII (P<0.05 for day 1, P<0.01 for days 7 and 14), whereas RA/R expression positively correlated with biofilm
formation only on day 14 (P<0.05). On days 1 and 7, positive correlation was observed between pyocyanin
production and the levels of LasI and R (P<0.05). In bacterial clearance cases, the expression of QS-related
genes and the group behavior of the pathogen did not correlate (P>0.05). However, in cases of persistent
P. aeruginosa infection, the changes in LasI and LasR gene expression were positively correlated with those
in bacterial motility (P<0.05), and the changes in LasI, LasR, RbII, and RhIR expression showed a significant
positive association with those in biofilm formation (P<0.01).

Conclusions: In patients with hospital-acquired pneumonia, the expression of the Las and RhI QS
genes was associated with bacterial motility, biofilm formation, and pyocyanin production, suggesting an

involvement of the QS genes in the clearance of pathogenic P. aeruginosa in patients.
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Introduction P. aeruginosa phenotypic features, including motility,

Pseudomonas aeruginosa (P. aeruginosa) is one of the most virulence, and the ability to form biofilms are regulated by

common opportunistic pathogens and a cause of serious quorum-sensing (QS) systems (2,3).

hospital-acquired infection (1). This pathogen is persistent A number of gram-negative bacteria, including

and easily forms biofilms, colonizing the body and P aeruginosa, use acylated homoserine lactone (HSL)-based
causing outbreaks of cross-infections and other clinical QS that in P. geruginosa includes adjustable Las and Rhl
manifestations. It is now well established that a variety of signal systems. The Las signaling system comprises the LasR
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and Lasl genes (4,5) encoding a transcriptional activator
LasR and an enzyme LasI, which directs the synthesis of a
signal molecule N-(3-oxododecanoyl)- -homoserine lactone
(3-ox0-C,-HSL) (6). The Rhl signaling system includes
the Rh/I and RAIR genes, which encode butyl-homoserine
lactone (N-butyl homoserine lactones, C4-HSL) synthase
and the RhIR protein (7). Functionally, 3-oxo-C12-HSL
and C4-HSL act as signaling molecules up to a certain
concentration and specifically bind to the LasR and RhIR
proteins to activate a series of downstream genes. These
signaling systems are responsible for the regulation of
11% of the P. aeruginosa genome (8-10). However, their
role in the control of P. aeruginosa group behavior remains
unclear.

In this study, we assessed the expression of QS-related
genes in P. aeruginosa clinical isolates from patients with
acute lower respiratory tract infections and analyzed
the relationship between the QS signaling systems
and P. aeruginosa group behavior. We also compared
these parameters in clinically controlled and persistent
P. aeruginosa isolates with the aim of providing a basis for
novel therapeutic strategies in the treatment of hospital-
acquired P, aeruginosa infection.

Materials and methods
Patients and P. aeruginosa clinical isolates

This prospective study (ethics code: 2013) included patients
treated from March to November 2010 at the respiratory
general ward, emergency intensive care unit (EICU),
respiratory intensive care unit (RICU), surgical intensive
care unit (SICU), and cardiac surgical intensive care unit
(CSICU) of the Shanghai Jiaotong University Affiliated
Ruijin Hospital and at the respiratory general ward of
the Ruijin Hospital Luwan Branch. Subjects (30 men and
18 women) were recruited among the patients with freshly
diagnosed hospital-acquired pneumonia. All participants
provided written informed consent. The clinical diagnostic
criteria included chest radiography 48 h after the admission
prompted by emerging or progressive exudative lesions
combined with any two of the following three clinical
manifestations: temperature above 38 °C, high blood
leukocytosis, and purulent sputum. Patients with previously
diagnosed P. aeruginosa infection were excluded from the
Study.

The analyzed clinical parameters included patients’
age, sex, disease complications, antibiotic treatment, and
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bacterial clearance at days 1, 7, and 14 after the treatment for
P aeruginosa infection. Secretions from lower respiratory tract
via the endotracheal tube or after morning expectoration
were collected in a mouthwash container filled with sterile
saline. The isolates were streaked on LB agar and stored in
20% glycerol/LB broth at -80 °C.

The study endpoints included negative airway secretions,
negative P. aeruginosa sputum culture within 14 days, or
patient death.

Biofilm formation and quantification

P, aeruginosa isolates were grown overnight in LB medium at
37 °C. The cultures was subsequently diluted with tryptone
broth (TB) to ODy, of approximately 0.02, and 10 pL of
the diluted culture was added to 96-well flat-bottom tissue
culture plates containing 200 pL of LB diluted 1:50. Each
strain was added to six wells (blank control wells contained
medium only), and the plates were incubated as static
cultures at 37 °C for 48 h. Biofilms were washed with normal
saline, dried at room temperature, and stained with crystal
violet (0.1% in water, 150 pL/well) for 20 min at room
temperature. The stained biofilms were washed three times
with 1 mL of normal saline, and the dye was solubilized with
150 pL. 95% ethanol and measured by absorbance at 570 nm
(ODy;0) using a microplate reader (KHB ST-360, Shanghai,
China). The biofilm formation rate (ODy,()/(mg-mL) was
calculated as the average ODy;, value of three measured
wells minus the average of three blank wells.

Swimming motility assay

The flagellum-mediated motility of P. zeruginosa was
assessed using plates containing 0.3% LB agar as a motility
medium. A 1-pL aliquot of overnight LB cultures was
inoculated in the agar, and after 16-h incubation at 37 °C,
the diameter of the swim zone was measured. All assays
were performed in triplicate (11).

Twitching motility assay

Plates containing 3-mm deep 1% LB agar were dried
briefly, inoculated with P. aeruginosa isolates using a needle
placed at the bottom of the plate, and incubated at 37 °C for
48 h (except when noted otherwise). After the incubation
period, a zone between the agar and the plate bottom,
referred to as the twitch zone, was measured. All assays
were performed in triplicate (12).
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Table 1 General clinical data

Li et al. Quorum sensing in virulent P. aeruginosa

Sex Source of specimens Infection
Male Female Intubation Deep sputum Clearance No clearance
Number 30 (62.5%) 18 (37.5%) 32 (66.7%) 16 (33.3%) 6 (26.3%) 42 (73.7%)

Swarming motility assay

The isolates were tested for swimming motility on the
plates containing 0.2% glucose, 0.05% monosodium
glutamate, and 0.5% agar. A 1-pL aliquot of overnight LB
cultures was placed on the agar surface, and the diameter of
the swarm zone was measured after 48-h incubation at 37 °C.
All assays were performed in triplicate (13).

Pyocyanin production assay

P aeruginosa isolates were grown overnight in LB medium
at 37 °C. The cultures were subsequently diluted with TB to
ODy, of approximately 0.06, and 2.0 mL of the dilution was
added to 24-well flat-bottom culture plates at 37 °C for 24 h.
Cultures were extracted with 3 mL of chloroform and then
reextracted into 1 mL of 0.2 N HCI to give a pink to deep
red solution. The absorbance of this solution was measured
at 520 nm. All assays were performed in triplicate (14).

RNA extraction and quantitative reverse transcription
PCR (qRT-PCR)

Bacteria were grown in LB broth at 37 °C to the mid-
exponential phase (ODg 1.0-1.4) for 24 h. Total RNA
was isolated using the RNeasy Mini Kit (SBS, Takara,
Kyoto, Japan) according to the manufacturer’s instructions.
Differential gene expression was examined by real-time
quantitative reverse transcription PCR (qRT-PCR) using
the SYBR RT-PCR platform (Takara) according to the
manufacturer’s instructions. Primer pairs were designed
using the Primer Express software package (Takara):

Lasl, sense 5'-GCCCCTACATGCTGAAGAACA-3',
antisense 5'-GTCCAGAGTTGATGGCGAAA-3

LasR, sense 5'-ACGCTCAAGTGGAAAATTGGA-3,
antisense 5'-GGGTAGTTGCCGACGATGAA-3;

RbIL sense p, 5'-AGCTTCTCGATGAAGACCTGATG-3,
antisense 5'-TGCTCTCTGAATCGCTGGAA-3';

RbIR, sense 5'-"TCGCTCCAGACCACCATTTC-3',
antisense 5'-CCACACGATTCCCTTCACC-3".

Prior to comparative analysis, the relative efficiency
of each primer pair was tested and compared to that
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of the primer pair for ribosomal Rp/U (sense,
S'-TCGTGTCGGATGTTGGGTTA-3'; antisense,
5'-GGTTTCGCTGCCCTTTGTATTGT-3") to ensure
that the threshold cycle (C,) data analysis could be used. The
absolute value of the slope of the log input amount versus
the AC, was less than 0.1 for all comparisons, allowing us
to use the AAC, calculation to compare gene expression in
the experimental cultures to that of the controls (15). The
experiments were repeated at least three times.

Grouping according to bacterial clearance

The patients were grouped according to bacterial clearance
after antibiotic treatments. The clearance was determined
as the absence of P. aeruginosa in two consecutive lower
respiratory tract specimens during the 14-day observation
period. No-clearance was scored if P. zeruginosa was
cultured from all lower respiratory tract specimens after the
14-day observation period.

Statistical analysis

The data were expressed as the mean = standard deviation
or as percentage (for invariable parameters). Correlation
analysis was performed using the Spearman method;
comparison between two groups was performed using the
Kolmogorov-Smirnov Z rank-sum test. P values of <0.05
were considered statistically significant.

Results
General clinical data

The study population included 48 hospitalized patients, 30 men
(62.5%) and 18 women (37.5%), with an average age of
68.18+15.08 years. There were 32 cases of ventilator-
associated pneumonia (66.7%). After the antibiotic
treatment, six cases with P. zeruginosa clearance (26.3%)
and 42 cases without clearance (73.7%) were detected
(Table 1). All 48 patients demonstrated hospital-acquired
pneumonia complications, including 20 cases of neurological
disease (41.7%), 17 of cardiovascular disease (35.4%), eight
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Table 3 Relationship between Las and Rh/ gene expression and

swimming motility twitching motility
Time after treatment Gene Spearman r P Time after treatment Gene Spearman r P
Day 1 Lasl 0. 442 <0.01 Day 1 Lasl 0.402 <0.01
LasR 0.440 <0.01 LasR 0.372 <0.01
Rhll 0.474 <0.01 Rhll 0.408 <0.01
RhIR >0.05 RhIR >0.05
Day 7 Lasl 0.365 <0.05 Day 7 Lasl 0.328 <0.05
LasR 0.366 <0.05 LasR 0.420 <0.05
Rhll 0.473 <0.01 Rhlil 0.401 <0.01
RhIR >0.05 RhIR >0.05
Day 14 Lasl/ 0.405 <0.01 Day 14 Lasl/ 0.380 <0.05
LasR 0.462 <0.01 LasR 0.416 <0.01
Rhll 0.330 <0.05 Rhll 0.345 <0.05
RhIR >0.05 RAIR >0.05
Clearance ALasl >0.05 Clearance Alasl >0.05
AlLasl >0.05 AlLasR >0.05
ARhIl >0.05 ARhII >0.05
ARhIR >0.05 ARBIR >0.05
No clearance Alasl 0.371 <0.05 No clearance ALasl 0.380 <0.05
AlasR 0.383 <0.05 AlasR 0.438 <0.05
ARhIl >0.05 ARhII 0.379 <0.05
ARAIR >0.05 ARhIR >0.05

of lung disease (16.7%), seven of malignant kidney disease
(14.6%), seven of diabetes (14.6%), five of acute pancreatitis
(10.4%), and four of blood diseases (8.3%). Antibiotic therapy
to clear P, zeruginosa infection included carbapenems (40 cases,
83.3%), B-lactam/B-lactamase inhibitors (15 cases, 31.3%),
cephalosporins (9 cases, 18.8%), and fluoroquinolones (5 cases,
10.4%).

Relationship between QS gene expression and swimming
motility

In total, 138 P. aeruginosa isolates were analyzed. At all
time points (days 1, 7, and 14), P. aeruginosa clinical isolates
demonstrated a significant positive correlation between
swimming behavior and the expression of Lasl, LasR
(P<0.01 for days 1 and 14, P<0.05 for day 7), and RA/I genes
(P<0.01 for days 1 and 7, P<0.05 for day 14). However, no
correlation was observed between swimming motility and
RhbIR expression (P>0.05) (Table 2).

In the patient group demonstrating bacterial clearance
after antibiotic treatment, the differences in the relative
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expression of Lasl, LasR, RbhII, and RhIR before and
after therapy (ALasl, ALasl, ARblI, and ARLIR) were
not correlated with the changes in swimming behavior
(P>0.05). However, in the no-clearance group, the changes
in swimming motility positively correlated with ALasl
(r=0.371, P<0.05) and ALasR (r=0.383, P<0.05), whereas no
correlation was observed for ARA/I and ARKIR (P>0.05).

Relationship between QS gene expression and twitching
motility

Similar to swimming behavior, twitching motility of
P. aeruginosa clinical isolates at all time points showed a
significant positive correlation with the relative expression of
LasI (P<0.01 for day 1 and 14, P<0.05 for days 7 and 14), LasR
(P<0.01 for days 1 and 14, P<0.05 for day 7), and RA/I (P<0.01
for days 1 and 7, P<0.05 for day 14), whereas no correlation
was detected for Rh/R expression (P>0.05) (1able 3).

In the patient group demonstrating bacterial clearance
after antibiotic treatment, the changes in twitching motility
did not correlate with ALasl, ALasl, ARhII, or ARhIR
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Table 4 Relationship between Las and Rh/ gene expression and

swarming motility

Li et al. Quorum sensing in virulent P. aeruginosa

Table 5 Relationship between Las and Rh/ gene expression and
biofilm formation

Time after treatment Gene Spearman r P Time after treatment Gene Spearman r P
Day 1 Lasl 0.422 <0.01 Day 1 Lasl 0.366 <0.01
LasR 0.448 <0.01 LasR 0.385 <0.01
Rhll 0.457 <0.01 Rhll 0.282 <0.05
RhIR >0.05 RhIR >0.05
Day 7 Lasl 0.401 <0.05 Day 7 Lasl 0.733 <0.01
LasR 0.502 <0.01 LasR 0.592 <0.01
Rhlil 0.473 <0.01 Rhll 0.758 <0.01
RhIR >0.05 RhIR >0.05
Day 14 Lasl/ 0.385 <0.05 Day 14 Lasl 0.477 <0.01
LasR 0.458 <0.01 LasR 0.502 <0.01
Rhll 0.339 <0.05 Rhll 0.412 <0.01
RhIR >0.05 RAIR 0.367 <0.05
Clearance Alasl >0.05 Clearance Alasl >0.05
AlLasR >0.05 AlasR >0.05
ARhII >0.05 ARhII >0.05
ARhIR >0.05 ARAIR >0.05
No clearance ALasl 0.440 <0.05 No clearance ALasl 0.679 <0.01
AlasR 0.443 <0.05 AlasR 0.659 <0.01
ARhII >0.05 ARhII 0.671 <0.01
ARAIR >0.05 ARhIR 0.564 <0.01

(P>0.05), whereas in no-clearance group, they positively
correlated with ALasl (r=0.380, P<0.05), ALasR (r=0.438,
P<0.05), and ARAII (r=0.379, P<0.05). However, no such
correlation was observed between P. zeruginosa twitching
and ARKIR (P>0.05).

Relationship between QS gene expression and swarming
motility

Swarming motility of P. aeruginosa clinical isolates at all
time points showed a significant positive correlation with
the relative expression of Lasl (P<0.01 for day 1, P<0.05 for
days 7 and 14), LasR (P<0.01), and RAII (P<0.01 for days 1
and 7, P<0.05 for day 14), but not with that of Rh/R (P>0.05)
(Tible 4).

Similar to the trend detected in other motility assays, in
the patient group demonstrating infection clearance after
antibiotic treatment, the differences in swarming motility
did not correlate with ALasI, ALasI, ARbII, or ARhIR
(P>0.05); however, in the no-clearance group, they showed a
significant positive association with ALasI (r=0.440, P<0.05)
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and ALasR (r=0.443, P<0.05). No such link was detected for
the Rhl genes: ARAII and ARLIR showed no correlation with
swarming motility (P>0.05).

Relationship between QS gene expression and biofilm
formation

At all tested time points, a significant positive correlation
was found between biofilm formation and the expression
of Lasl, LasR (P<0.01), and RA/I (P<0.05 for day 1, P<0.01
for days 7 and 14), whereas Rh/R expression positively
correlated with biofilm formation only on day 14 (P<0.05)
(Table 5).

No correlation was observed between changes in biofilm
formation and differential expression of QS genes in the
patient group demonstrating bacterial clearance after
antibiotic treatment (P>0.05). However, in patients with
persistent P. aeruginosa infection (no-clearance group), a
significant positive association was detected between altered
biofilm formation and differential expression of Las and Rhl
genes: ALasI (r=0.679, P<0.01), ALasR (r=0.659, P<0.01),
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Table 6 Relationship between Las and Rb/ gene expression and

pyocyanin production

Time after treatment Gene Spearman r P
Day 1 Lasl 0.355 <0.05
LasR >0.05
Rhll 0.379 <0.05
RhIR >0.05
Day 7 Lasl 0.503 <0.05
LasR >0.05
Rhll 0.556 <0.05
RhIR >0.05
Day 14 Lasl >0.05
LasR >0.05
Rhll >0.05
RhIR >0.05
Clearance Alasl >0.05
AlLasR >0.05
ARhII >0.05
ARhIR >0.05
No clearance ALasl >0.05
AlasR >0.05
ARhII >0.05
ARhIR >0.05

ARBII (r=0.671, P<0.01), and ARAIR (r=0.564, P<0.01).

Relationship between QS gene expression and pyocyanin
production

P aeruginosa clinical isolates from specimens collected on
days 1 and 7 showed positive correlation between pyocyanin
production and the expression of LasI and Rh/I (P<0.05) but
not with that of LasR and RbIR (P>0.05). For P. aeruginosa
isolates from day 14, no correlation was observed between
the pigment production and QS gene expression (P>0.05)
(Table 6). For both clearance and no-clearance patient
groups, the differences in the relative expression of the QS
genes before and after antibiotic treatment did not correlate
with changes in pyocyanin production (P>0.05).

Comparison between patients with cleared and persistent
P. aeruginosa infection

P. aeruginosa swimming motility was significantly different
between the clearance (0.210+0.075) and no-clearance
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(-0.140+0.070) patient groups (P<0.05, Z=1.379). In
contrast, there was no statistical difference between these
patients in regard to P. aeruginosa twitching motility
(0.060+0.028 and -0.060+0.033, respectively) and swarming
motility (0.090+0.030 and -0.080+0.043, respectively)
(P>0.05). However, a significant difference was observed
between the clearance and no-clearance patients in
P. aeruginosa biofilm formation (0.146+0.035 and
0.137+0.047, respectively) (P<0.01, Z=2.385) and pyocyanin
production (0.064+0.044 and —0.066+0.028, respectively)
(P<0.01, Z=1.938).

Discussion

In P. aeruginosa, quorum sensing systems play key roles in
colonization and pathogenesis. An important phenotype
regulated by QS is the communal movement of bacterial
population. In this study of P. aeruginosa isolated from patients
with hospital-acquired infection, we observed a strong
positive correlation between the expression of QS genes Lasl,
LasR, and RhII and all types of bacterial motility (swimming,
twitching, and swarming), although no such correlation was
detected for RhIR expression. These findings are consistent
with previous data showing that P. zeruginosa QS Rb!
genes regulated swimming, twitching, and swarming (16).
Using genetic analysis, Caiazza et al. (17) showed that
the regulation of P. aeruginosa swimming, twitching, and
swarming motility depends on rhamnolipid biosynthesis
controlled by the QS Rhl system (18). In P. zeruginosa, QS
regulates the expression of several loci, including flagella
and pili required for bacterial swarming movement, a
phenotype important for community formation and host
colonization.

In our study, a significant positive correlation was
observed between P. aeruginosa biofilm formation and
the expression of the Las signaling genes. However, a
mixed pattern was detected for the Rhl system: Rb/I was
consistently associated with biofilm production, whereas
for RhIR, such association was observed only on day 14.
These data suggest that in P. zeruginosa virulent isolates,
QS, especially the Las system, is critical for biofilm
formation and thus for the bacterial parasitism of human
hosts. Our data are in agreement with previous findings.
O’Toole and Kolter (19) found that LasI mutation in
P. aeruginosa resulted in a formation of defective flat,
uniform undifferentiated biofilms lacking mature three-
dimensional structure. Another study showed that in a
P aeruginosa RbhIl (C4-HSL-deficient) mutant, the biofilm
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volume was reduced by 70%; the phenotype was rescued by
the addition of exogenous C4-HSL, suggesting that the Rh/I
gene plays an important role in the formation of biofilms by
P. aeruginosa (20,21). Xie et al. (22) observed that LasR and
RhIR proteins induced biofilm formation by P. aeruginosa,
indicating a direct involvement of the LasR and Rh/R QC
genes in the pathogen colonization of the host.

The secretion of P. aeruginosa virulence factor pyocyanin
is under the control of the QS systems. In this study, we
found that LasI and RA/I expression positively correlated
with pyocyanin production on days 1 and 7, although no
association was found on day 14. Another study suggested
that LasR and RhIR mutations could be related to the spread
of a drug-resistant strain of P. aeruginosa (23), although this
mechanism requires additional investigation.

In the P. aeruginosa clearance patient group, no
correlation was observed between pathogen communal
behavior (motility, biofilm formation, and pyocyanin
production) and the difference in the expression of the
Las and Rhl signaling systems before and after antibiotic
therapy. However, in the patients with persistent
P. aeruginosa infection (no-clearance group), the differential
expression of Lasl, LasR, and RhII was found to positively
correlate with the changes in bacterial movement and
biofilm formation, although no such link was detected for
RhbIR. Given that P. aeruginosa isolated from no-clearance
patients exhibited increased biofilm formation, motility,
and pyocyanin secretion compared to those isolated
from clearance group, these results indicate that in the
persistent clinical isolates, the Las and Rhl QS systems are
directly associated with the pathogen communal behavior,
suggesting QS involvement in P. zeruginosa drug resistance.

We believe that the investigation of the Las and Rhl
signaling systems as potential targets in the control and
treatment of P. aeruginosa infection represents a new
research direction. In the present study, we collected
samples from patients with hospital-acquired pneumonia
at different time points and found that P. zeruginosa isolates
reflected the patients’ conditions in terms of clinical
development during treatment. Thus, we observed that the
Las and Rb/ genes of the QS systems were closely related
to biofilm formation and other important parameters of
P aeruginosa group behavior, although previous data in this
respect are controversial. Given that the current standard
strains have been selected based on previous research, the
results of this study may have a significant clinical impact.

However, this study also had several limitations. First,
because of a small sample size, the results may not be
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representative of a larger population. In future investigations,
we plan to expand the number of patients in order to increase
the statistical power of association between the QS-related
genes and P. aeruginosa communal behavior. In addition,
mechanistic links between the QS genes should be addressed
to better clarify their functions iz vive. Second, although
we found the difference in QS gene expression between
bacterial isolates from samples obtained before and after
antibiotic treatment, we did not compare antibiotic type and
dose and thus did not analyze specific factors influencing
the regulation of QS genes. P. aeruginosa group behavior
(biofilm formation, motility, and virulence factor secretion)
is associated with clinically important chronic refractory
infections. Therefore, the validation of the QS systems
as potential drug targets for the control and treatment of
P aeruginosa infection requires further investigation.

Conclusions

In conclusion, our results indicate that the expression of
QS genes, especially of the Las signaling system, in clinical
isolates of P. aeruginosa is strongly associated with the
pathogen communal behavior (motility, biofilm formation,
and pyocyanin production) and resistance to antibiotic
treatment, indicating the involvement of QS signaling in
the clearance of P, zeruginosa infection.
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